Abstract: A specially-designed apodized chirped PPLN based on particular positioning of poled regions within the periods has been realized theoretically and experimentally to demonstrate the reciprocal response in the SHG spectra over a 30-nm bandwidth, for up-chirp and down-chirp directions. The simulation results are compared with another apodized chirped PPLN for which the placement of poled regions is deviated from optimum positions. The average power difference is less than 0.75 dB and the standard deviations of extrema on second harmonic power responses are 1.34 dB and 1.64 dB for two up-chirp and down-chirp directions respectively.
Introduction
All optical networks and ultrafast optical signal processing require broadband optical wavelength conversion which can be provided with engineered periodically poled nonlinear materials, using quasi phase-matching (QPM), due to their several advantages [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . QPM has been widely used in uniform gratings such as periodically poled lithium niobate (PPLN) for narrowband frequency doubling [13] [14] [15] , and in the form of chirped and step-chirped gratings for broadband frequency doubling using variation of period within the device continuously or in steps or nonlinearly [16, 17] . However, the chirped-one is available at a cost of lowered SH intensity compared to a uniform grating [16, 18] . Apodized chirped grating devices have also been suggested [19] [20] [21] [22] [23] to reduce the conversion ripples in the spectral response of chirped devices employing a second-order nonlinearity profile that approaches zero at both ends of the grating. The apodized one also may further reduce the generated SH power of the chirped PPLN device. In order to compensate the loss of SH power, pump resonant devices may be used [18] which demand the use of a device with a reciprocal SH response, resulting in an identical spectral SH response as for a single-pass propagation of input pump in both directions in the apodized chirped PPLN (AC-PPLN). As the period changes in a linear chirped PPLN device, the two different directions of input pump propagation in the device can be defined as the up-chirp (period getting bigger with distance) and down-chirp (period getting smaller with distance) directions.
In our recent work, we theoretically proposed a particular structure for the fabrication of an apodized chirped grating based on a desired apodization function on continuously chirped gratings ignoring group-velocity mismatch between fundamental and second harmonic wave and considering un-depleted pump condition [22] . Since the second-order nonlinearity has just two polarization states, positive and negative, in practice, apodization in chirped PPLN can be achieved by changing the duty ratio, i.e. the length ratio of the positively and negatively poled regions within the pitch of the grating [20, 22] . In our proposed structure, the position of the poled region within the pitch should be in the center of each cell to arrive at a better performance, as it increases the tolerance to fabrication errors. Here, for convenience we call this proposed device "center-poled structure (CPS)". In practice due to fabrication limitation, the step-wise apodized chirped grating is suggested for which period and duty ratio change in sections and subsections instead of in every period. AC-PPLN based on CPS design which is still symmetric in each subsection can possess the reciprocity property in terms of having the same SH intensity response when the input light passes through both up-chirp and down-chirp directions. However, for "off-center-poled structure (OCPS)" the poled regions are placed in one side of cells. As OCPS is not symmetric in each subsection it can introduce extra phase in SH amplitude and present two different SH responses for up-chirp and downchirp direction [22] .
In this paper, we present the design, fabrication and characterization of our home-made AC-PPLN device (using CPS model) based on our proposal in the earlier work [22] for both the up-chirp and down-chirp directions in the same grating and experimentally demonstrate its reciprocity in its SH power response profile.
Theory and design
The coupled wave equations for second harmonic generation (SHG) in an apodized chirped grating can be written for a grating by introducing d(z) as 
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where C represents the poled region center, which can move from / 2 aΛ to / 2 a Λ − Λ by considering the poled region as a frame, and moving from right to the left of the cell. The SH intensity in frequency of 2ω is proportional to by changing C from the right to left and it is eliminated when it is placed in the middle of the cell as it remains symmetric. Therefore, the AC grating design based on laying several symmetrically apodized cells in each section, ie., CPS, does not introduce any additional phase in the SH electric field unlike any asymmetrically apodized sections using the off center positioning, ie., OCPS.
To design the grating mask which can be feasible for fabrication, we use a step-wise AC design including 10 sections for which the period changes in each section. The 3 sections at the beginning and at the end of the grating have 3 subsections with variable step-wise duty ratios. To observe how the displacement of poled region can affect the SH response theoretically, we simulate two AC-PPLN devices, with CPS and OCPS. The periods change from 18.2 μm to 19.1 μm in steps of 0.1 μm to cover a 30-nm bandwidth. Considering ( ) sin( ) ap f z z = the duty ratio should change linearly. In our design, we applied the step-wise apodization function on half of the device. Therefore, the duty ratio is changed step-wise in first three and last three sections. Due to fabrication limitation, the duty ratio begins at 0.18 in the first subsection and increases to 0.5 in 9 steps in the last subsection of the 3rd section. It is reversed symmetrically for last 9 subsections at the end of the grating as well. The schematic of our design is shown in Fig. 1 . While the period Λ remains constant in each section, the duty ratio may change in each subsection. The difference between the CPS and OCPS model, is the placement of poled regions in each apodized subsections. In CPS design, as there is no additional phase from sections we expect reciprocal property. However, in OCPS model depending on the placement of poled regions different phases can add up. Phase interference from these 18 subsections (9 in beginning and 9 at the end) of OCPS influences the SH response and make it different for up-chirp and down-chirp resulting in a non-reciprocal device. This difference can be smaller compared with that of the continuous apodized chirped grating with many cells [22] due to fewer numbers of sections. Reciprocity of this device can be investigated theoretically by changing the periods for the upchirp to down-chirp gratings and mirroring the poled region location with regard to the center of each cell and experimentally, by reversing the direction of input FH light. 
Fabrication and characterization
We have fabricated a 15-mm-long CPS-AC-PPLN based on electric field poling at room temperature, a common technique used for the fabrication of QPM devices, especially for LN [24, 25] . The + z faces of undoped, 0.5-mm-thick, z-cut, optical grade lithium niobate crystals were used. The LN wafers are then coated with 1.5 μm layer of positive photoresist S1813 and exposed to 314 nm UV radiation through the specially designed AC grating pattern on the mask. After lithographic printing, the sample was mounted on a holder contacting both surfaces with saturated lithium chloride (LiCl) solution as the electrolyte. A dc electric field (22 kV/mm) higher than coercive field strength of LN in the shape of pulses with duration of 0.5 ms were applied to the liquid electrode pattern until the domain inversion is achieved in all grating regions
In order to characterize the SH intensity response of our AC-PPLN device for two upchirp and down-chirp directions while the beam passes the same path in the grating channel, we used a symmetric set-up as shown in Fig. 2 . A JDSU tunable laser was used as a pump signal in the C band. It was amplified using a high-power EDFA connected to a polarization controller, the light from the fiber is collimated with a spherical lens and is then focused into the center of the AC-PPLN. A lens with the focal length of 12.5 cm is used to make a roughly parallel beam through the device which is placed in a temperature-controlled oven at a fixed temperature of 125 °C. The SH power is evaluated using a power meter and spectrum analyzer after collimation and coupling into the fiber. The maximum SH power generated for each section of an m-section SC-PPLN with the length l, in the plane wave approximation can be calculated using 
where λ P is the pump wavelength. The effective nonlinear coefficient of each section is d eff = 2d 33 ⁄ π = 15 pm ⁄ V, the free space permittivity (ε 0 ) is 8.85 × 10 −12 F⁄m, the speed of light in vacuum (c) is 3 × 10 8 m ⁄ s, the confocal beam waist ω f is 50 μm, and n p and n SH are the refractive indices of LN at the pump and SH wavelength, respectively. For an input pump power, P p = 0.55 W we used in the experiments, the calculation gives a maximum SH power, P SHG = 0.0129 mW which is reduced to 70% with apodization over half of the structure [26] . Therefore we expect the SHG power of 0.009 mW or −20.45 dBm. What we measured in practice is around −23 dBm. Considering ~-3dB loss in our setup including the coupling loss of light from free space to the fiber, the reflection loss from lenses and fiber connector loss, it is in fairly good agreement with the theory. We ignore back reflection effect in bulk AC-PPLN. The SH power is measured as a function of the FH wavelength and for each wavelength the polarization is adjusted to reach maximum SH power. After the SH power characterization for one direction, the input and output fiber are interchanged. The measurement for the second direction is completed immediately after the first to ensure the same conditions for the laser and amplifier to minimize the effects of drift.
Results and discussion
Considering two CPS and OCPS model, the simulated normalized SH intensities versus the FH wavelengths are plotted for two different up-chirp and down-chirp directions in Fig. 3(a)  and 3(b) , respectively. Due to fabrication limitation we have deliberately used fewer sections than what are required to give a smooth response, so that the difference may be highlighted. In the CPS model, the SH responses overlap for the two, up-chirp and down-chirp directions as there is no phase variation contributing to spectrum shape change. On the contrary, in the OCPS model the phase accumulation from 18 subsection borders (9 on left side and 9 on right side of the grating) is different in two directions as it can have positive phase in one and negative in another due to the fact that the place of poled region can move from one side to another as mentioned in section 2. The theoretical simulation shows that not only should we expect a difference between the bandwidth in two directions but also in extrema (maxima and minima) points in the spectrum. Note the wildly different response for the OCPS scheme [ Fig.  3(b) .] Results for fabricated CPS AC-PPLN in the two, up-chirp and down-chirp directions are shown in Fig. 4 . In order to compare the results and examine reciprocity in two directions, we have considered two criteria; the bandwidth and the extrema points in the SH spectra. As it can be seen in Fig. 4 the bandwidth for CPS design is almost the same for both up-chirp and down-chirp as we expect from theoretical simulation. In addition the extrema in spectra of CPS design for up-chirp and down-chirp follow each other reasonably well. The only difference is in the amount of the extrema which can come from measurement errors due to adjusting the polarization controller at each measurement wavelength. The average power difference in two directions in less than 0.75 dB and the standard deviation of extrema are 1.34 dB and 1.64 dB for up-chip and down-chirp respectively. We believe that the main issue in making this comparison is in the precise control of the input polarization for each wavelength in the two directions, as it is difficult to maintain linear polarization for each of the wavelengths used in the measurements due to the imperfection of the polarization controller, and would have to be better controlled to take full advantage of the CPS scheme. Nevertheless, the closeness of the spectra in the two directions is clearly visible. The measured bandwidth is limited by the erbium amplifier used in the experiments. 
Conclusion
In summary, the effect of displacement of poled regions within periods on SH spectral response of apodized chirped gratings was evaluated theoretically. An AC-PPLN devices based on center poled structures was designed and fabricated using electric field poling method in room temperature. It was shown theoretically that for the device composed of symmetric cells called CPS, the SH response is the identical for up-chirp and down-chirp directions and thus the AC-PPLN device is reciprocal for SHG. Experimental results on the CPS scheme have indeed shown the benefit in terms of preserving the bandwidth and also the similarity in structure in the conversion response. The reciprocal device based on CSP, can have application in resonant cavities and multi-pass configuration to improve SHG performance.
